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There is a long tradition of using medical records linkage techniques to create extensive research databases (1) . Among English-speaking countries, research databases have been implemented in the United Kingdom (2-6), Australia (7) , and Canada (8, 9) . However, similar databases have been more limited in the United States because of the lack of a national health system. Only in recent years have attempts been made at the federal level to create publicly accessible databases for research (10) . However, these efforts have been hindered by equally strong trends toward strict confidentiality of medical record information (11) . Even if national databases become available to investigators, they will lack historical depth and will not be able to answer long-term questions of public health relevance.
By contrast, the Rochester Epidemiology Project (REP) is a rare example of a medical records linkage system in the United States that has almost half a century of activity. The REP has linked and archived the medical records of virtually all persons residing in Olmsted County, Minnesota, for over 40 years, has maintained an electronic index of medical diagnoses and surgical interventions, and has archived all addresses and demographic information over time (12, 13) . The REP allows investigators to follow subjects through their outpatient (office, urgent care, or emergency department) and hospital contacts across all local medical facilities, regardless of where the care was delivered and of insurance status. The continuing linkage of medical information also provides a virtually complete enumeration of the Olmsted County population at any point in time (the REP Census). Thus, the REP allows investigators to conduct long-term population-based studies of disease incidence, prevalence, risk and protective factors, outcomes, health services utilization, and cost-effectiveness (1, 12, 13) . As of today, however, the linkage of records across health care providers in Olmsted County is restricted to research applications and cannot be used directly for patient care.
In the present article, we describe the methods used to link medical records from multiple health care institutions to specific individuals and to establish residency in Olmsted County over time. In addition, we provide evidence of the validity of the REP Census.
MATERIALS AND METHODS

Sources of data
In 2008, the health care institutions participating in the REP included the Mayo Clinic and its 2 affiliated hospitals (St. Marys Hospital and Rochester Methodist Hospital), the Olmsted Medical Center and its affiliated hospital (Olmsted Medical Center Hospital), and the Rochester Family Medicine Clinic (all in Rochester, Minnesota) ( Figure 1) . Historically, the medical records have been primarily in paper form; however, diagnostic codes, surgical procedure codes, and demographic information (including all names, sexes, dates of birth, and Social Security numbers, when available), as well as the physical location of each record, have been entered into a single electronic REP database. In addition, the REP has electronically archived all home addresses of Olmsted County residents over time. Since 1995, electronic medical records have progressively replaced the paper forms. To enumerate the population, we first linked medical records across different health care providers to create a list of unique subjects (person component). Second, we applied residency criteria and imputations to describe the residency status of the subjects over time (time component). Thus, we obtained a complete description of a dynamic cohort of persons over time.
Electronic linkage methods
Because Olmsted County residents often receive medical care from multiple institutions over the course of their lives, it is necessary to link records across institutions to obtain patients' complete history. Adding to the complexity is the fact that patients who received care at Olmsted Medical Center could have multiple records and multiple identification numbers for outpatient and inpatient services. Since its establishment in 1966, the REP has matched the medical records from participating institutions to specific individuals on a study-by-study basis (Figure 1 ). Matching was done on a probabilistic basis, and investigators had to clarify matches with low scores. This study-bystudy probabilistic linkage was time-consuming, expensive, prone to errors, and unsatisfactory for many users of the REP.
Starting in 2002, the process of linking records to individuals was formalized by an initial series of exact matching iterations, as described in Figure 2 . The first 9 rounds of matching focused on name variants, sex, and date of birth information. Rounds were repeated using all known names for a person (e.g., including name changes as the result of adoption, marriage, or divorce). The Soundex phonetic filing system of the SAS software package (SAS Institute, Inc., Cary, North Carolina) was used to match names that could be easily misspelled (14) . Four additional rounds of matching used Social Security numbers (when available) and 2 internal identification numbers assigned by the Olmsted Medical Center. Finally, subgroups of records with special characteristics (e.g., records with no birth date) were subjected to 7 additional rounds of matching ( Figure 2 ). This exact matching resulted in a primary master file of individuals.
Subsequently, the REP was continually updated through the matching of newly generated records by using the same criteria ( Figure 2) . Currently, all REP data are stored in a Sybase database (Dublin, California) and a SAS structured query language function (SQL) is used to match new records with records stored in the existing database (PROC SQL). Uncertain matches are verified by the REP technical team. In addition, if any error in matching is discovered by any user of the system, the REP technical team investigates it manually and corrects it when needed.
Manual checks
Although our electronic linkage methods use the full name, sex, and birth date of each patient, the medical records frequently contain extensive additional data (e.g., spouse's name) that can be used to verify the electronic matching. Manual verification of new records is routinely performed when one of the following problems is encountered: 1) missing first or last names; 2) discordant birth dates; 3) discordant middle names; 4) first name listed only as ''baby boy'' or ''baby girl''; or 5) last names that are common in Olmsted County. Additional manual checks were completed on Matching using name, sex, and date of birth information: 9 rounds random samples of records that failed to match electronically with any other record for a series of specified reasons (e.g., the subject had only a birth year listed or had no first name recorded).
Validation of the linkage methods
To validate our linkage methods, we obtained 2 age-stratified random samples of patients who visited at least 1 REP care facility during 1985 (n ¼ 200) or 2005 (n ¼ 200). For each person, we manually reviewed all records to determine whether there were any other potential names or name spellings, to verify or obtain dates of birth, and to obtain Social Security numbers and all possible addresses. These data were then used to determine whether any record was incorrectly linked to a given person or whether any other records in the REP database matched the person of interest. We calculated the proportion of incorrect linkages (overinclusion of records and false positives) and missed linkages (underinclusion of records and false negatives) and compared results across strata by age, sex, and calendar year (1985 and 2005) .
Establishment of Olmsted County residency and the REP Census
Before 2008, the residency of any subject in Olmsted County at a given point in time was determined on a studyby-study basis through a labor-intensive process that involved manual review of all addresses. In 2008, however, we constructed and released the first formal Olmsted County census based on the medical records linkage system (the REP Census). Dates of residency in Olmsted County were established by using the addresses associated with dates of medical visits. Individuals were considered residents if they had an Olmsted County address at the time of a medical visit between 1966 and 2008. Additionally, specific rules were established for persons residing in nursing homes, colleges, motels, or incarceration facilities and those in other special situations. These rules were tailored to the local population but were similar to those used by the US Census Bureau and are summarized in Table 1 (15) .
Graphic displays of residency data were then created for each person who resided in Olmsted County at any point between 1966 and 2008 (REP timelines). The timelines indicated the dates during which residency in (green bars) or outside of (red bars; Figure 1 ) Olmsted County could be confirmed. Residency was assumed for 1 year before and 1 year after any medical contact for subjects aged 3 years and older. Additionally, residency was imputed for women who had 2 contacts as an Olmsted County resident separated by up to 3 years (yellow bars), and nonresidency was imputed for women who had 2 contacts while residing outside of Olmsted County separated by up to 3 years (orange bars). The corresponding gap for men was 4 years. The rules for these imputations were derived empirically from age-and sex-specific patterns of medical contacts. For children aged less than 3 years, residency was assumed only for 6 months before and 6 months after any medical visits. Imputations of residency between visits were again up to 3 years for girls and 4 years for boys. Finally, the timelines included arrows indicating births and deaths that have occurred since 1966. An updated version of the REP Census is released annually, and all historical REP Censuses are permanently archived. People who move between multiple residences during the year (''snowbirds''), as long as they maintain an Olmsted County address at the date of health care visits within the system.
Retired nuns living at the Assisi Heights Convent located in Rochester, Minnesota.
a Persons who resided in an institution for <12 months were considered residents if they moved to the institution from their home in Olmsted County.
Validation of the REP Census enumeration
Two groups of Mayo Clinic investigators have conducted reliability studies of residency status as determined by the REP Census. Each group selected a sample of individuals from the REP population and manually reviewed the medical records to determine residency on a particular date. The results from the manual review were then compared with the results obtained electronically from the REP Census.
In addition, we compared the REP Census enumeration with the US Census enumerations for April 1 of 1970 April 1 of , 1980 April 1 of , 1990 April 1 of , and 2000 . The capture rate was computed by dividing the number of subjects enumerated using the REP Census by the number published by the US Census Bureau for specific age, sex, and calendar year strata. Finally, we compared the mortality rates (probability of dying within 1 year of a given reference age) (22) obtained using the REP data with those obtained using publicly available vital statistics (23) . In both calculations, we used smoothing methods that have been described elsewhere (24) .
Impact of the Minnesota confidentiality law
In 1996, the state of Minnesota passed a new law requiring each patient to provide a general written authorization if they chose to allow researchers permission to review their medical records for research (25) (26) (27) (28) . All health care providers affiliated with the REP established procedures to comply with the law for all subjects attended to after January 1, 1997. Two attempts to obtain a research authorization from each participant were made in writing (via the US mail) with at least 60 days between attempts. If the patient gave explicit authorization or did not respond after these 2 attempts, then the record was considered accessible for research purposes. Authorization for review of existing medical record data was also implied for patients who did not see a medical professional after January 1, 1997. The authorization does not expire, but it can be revoked and covers any research project that has received institutional review board approval. The impact of the law on participation of patients in passive medical record research was studied at the Mayo Clinic and Olmsted Medical Center (26, 27) . In addition, we computed the participation rate for subjects in Olmsted County who were included in our census from 1998 through 2007 (10 years after the introduction of the law).
RESULTS
Linkage results
Overall, 1,145,856 medical records were available for residents of Olmsted County who had visited a local health care provider at least once between January 1, 1966, and December 31, 2008 (Figures 1 and 2 ). These records were electronically matched through the computerized algorithms described in Figure 2 to 486,564 unique individuals (the REP Census population), for a median of 2 records per person (range, 1-23 records). A total of 215,127 individuals (44%) had only 1 medical record (i.e., received care from only 1 facility), whereas 271,437 individuals (56%) had 2 or more records in the system (i.e., received care from multiple facilities).
Validity of the linkage methods
The sample of 400 Olmsted County residents who had visited an Olmsted County medical provider in 1985 (200 subjects) or in 2005 (200 subjects) yielded a total of 1,319 medical records, with a median of 3 records per person (range, 1-11 records). The median number of records did not differ by age or sex (Table 2) . Among these 400 people, 10 had at least 1 incorrect record included (rate of overinclusion ¼ 2.5%; 95% confidence interval: 1.0, 4.0). The proportion of incorrect matches did not differ by age or sex (Table 2) . Additionally, 5 individuals were missing at least 1 record (underinclusion rate ¼ 1.3%; 95% confidence interval: 0.2, 2.4). Again, the proportion of individuals missing records did not differ by age or sex (Table 2) 
Validity of the census enumeration
Two Mayo Clinic research groups compared the residency status determined by the REP Census on a given index date with that obtained by manual review of the records. The first study included 201 individuals and the second study included 447 individuals. The REP Census did not have residency data for 11 individuals (5.5%) from the first study or 12 individuals (2.7%) from the second study (total of 23; 3.5%). Manual review of the medical records of these individuals indicated that 22 of the 23 subjects were nonresidents at the index date (95.7%), thus confirming that the REP Census was valid. Among the remaining 625 individuals for whom we had both REP Census and manual-review residency information, agreement between the 2 sources was 96.8% (Table 3) .
The REP Census population estimates were also compared with US Census estimates for the Olmsted County population in 1970, 1980, 1990, and 2000. Overall, the REP population counts at comparable points in time were slightly higher than those reported by the US Census (1970, 104.1%; 1980, 103.5%; 1990, 102.4%; and 2000, 102.7% of the US Census counts). As shown in Figure 3 , however, these comparisons varied by age and sex. For example, the REP consistently overcounted individuals aged 20-29 years compared with the US Census (men, 110.5%-122.8% of US Census counts; women, 121.4%-138.9% of US Census counts). By contrast, the REP consistently undercounted individuals aged 40-69 years compared with the US Census (<10%; Figure 3 ). Over time, the REP Census estimates have moved closer to the US Census estimates (data not shown). In addition, the mortality rates computed using the REP data were similar to those computed using publicly available vital statistics data for both men and women and for all ages (Figure 4) . Abbreviations: CI, confidence interval; REP, Rochester Epidemiology Project. a Positive agreement is shown as þ/þ, and negative agreement is shown as -/-. b Numbers given under the þ/-column represent those persons for whom the medical records linkage system indicated Olmsted County residency, but the residency was not confirmed by manual review. Numbers given under the -/þ column represent those persons for whom the manual review indicated Olmsted County residency but the medical records linkage system did not agree. contrast, as the index date moved closer to the present, the median number of years of information available before the date increased. For example, a person aged 60-69 years in 1970 had 18.9 years of information available before that date, whereas a person of the same age in 2000 had 39.5 years of information before that date.
Impact of the Minnesota confidentiality law
In 2 studies of the impact of research authorization on research, 97% of 2,463 individuals seen from 1994 through 1996 provided authorization at the Mayo Clinic, whereas 96% of the 15,997 patients seen in January or February 1997 provided authorization at Olmsted Medical Center (26, 27) . Subjects who did not respond to 2 requests were considered to have provided authorization. In the Mayo Clinic study, the refusal rate was higher for women, younger subjects, local subjects, and subjects with prior sensitive diagnoses (e.g., mental disorders) (27) . A total of 90.7% of the subjects residing in Olmsted County from 1998 through 2007 gave authorization to all health care providers, an additional 7.2% gave authorization to at least 1 health care provider, and only 2.1% denied authorization to all health care providers included in the REP.
DISCUSSION
In the present article, we have described our use of a medical records linkage system to enumerate a dynamic population over more than 40 years (1966-2008) . The REP links medical information from multiple care providers to single individuals, establishes residency in Olmsted County, and provides the length of residency in this community. This process has primarily involved matching records by using computer algorithms but has been augmented by routine manual verification of questionable matches.
Validation of our matching process through a manual verification of 400 randomly selected individuals (with 1,319 medical records) suggested that only a small proportion of the individuals in the database have incorrect record inclusions (2.5%). Similarly, only a small proportion of individuals had missed records that should have been matched to them (1.3%). These data suggest that our linkage methods have high sensitivity (ability of the REP to correctly link records that belong to the same person) and excellent specificity (ability of the REP to correctly exclude the linkage of records that do not belong to the same person). However, records with very different name spellings or records with other names that were not already linked would have been difficult to identify with our validation process. The only way for us to completely identify all missing records would be to hand-check approximately 1.1 million records. Because this was not feasible, we may have overestimated the sensitivity of the system.
Our results were comparable to those of other investigators who used similar methods. Using probabilistic linkage techniques, Dean et al. (29) had false-positive linkage rates of 2.2%-4.7% (overinclusion) when linking emergency medical service data to hospital discharge data. Victor et al. (30) achieved a sensitivity of 92% and a specificity approaching 100% by applying both exact and probabilistic matching techniques to several commercial insurance claim databases. However, our matching results were not as complete as those of the Western Australian Health Services Research Linked Database, in which 7 million records from 6 core data sets were matched with a false-positive linkage rate of 0.1% and a false-negative linkage rate of 0.1% (7). Our inability to achieve this level of linkage precision might have been due to the incomplete demographic information available in some of our older records.
Before 2008, the validity of the REP Census enumeration was supported by 2 studies (12, 31) . In a study conducted in the 1980s, the REP enumeration was found to be virtually complete compared with the results from a random digit dialing telephone survey and with a list of all residents in nursing homes and senior citizen complexes in the city of Rochester (12, 32) . In 2005, the REP enumeration was also found to be complete compared with a commercial list of noninstitutionalized Olmsted County residents who were 18 years of age or older. In particular, 6,723 of 6,996 (96.1%) subjects from the commercial list were correctly matched to a person in the REP Census (31) .
After 2008, the 2 independent studies reported here showed that the residency status from the REP Census agreed with information obtained through hand-review of the complete medical records 96.8% of the time. Additionally, in virtually all cases where the REP lacked residency information, the person was not a resident of Olmsted County on the date of interest. Further, the REP captured approximately the same number of individuals residing in Olmsted County as expected from the US Census data from 1970 to 2000. However, the capture rate varied by age, sex, and calendar year. In the youngest age group (aged 0-9 years), the REP captured up to 4.6% more individuals than expected. Because children aged 0-4 years are seen frequently for routine care (33) , the REP captured children who resided in Olmsted County for only a brief period of time and who were missed in the periodic US Census.
Since 1970, the REP has also counted 10.5%-38.9% more individuals than expected in the 20-29 year age group. This overcounting may have happened because the REP includes young adults who are full-time students and are covered by their parents' health insurance plans up to age 25 years, regardless of where they live. By contrast, the US Census counts young adults as residents of the location where they are living at the time of the census.
Among individuals aged 40-69 years, the REP estimates have been slightly lower than expected since 1970 (but within 10% of the US Census counts). This undercounting was more pronounced in men and could have happened because some subjects contact medical facilities infrequently in their adult life. The capture rate has also changed over time. In general, the REP population counts are more similar to the US Census estimates in 2000 than in 1970, suggesting a progressive convergence of the 2 methods over time. The validity of the REP Census enumeration is also confirmed by a comparison of age-and sex-specific mortality rates derived from REP data with those derived from national vital statistics data (22) .
The length of time subjects are covered by the medical records linkage system before or after an index calendar year has important implications for the design of case-control studies, in which the time before disease onset is important, and cohort studies, in which the time after a given exposure has occurred is important (1, 34) . The long-term follow-up of individuals makes the REP optimal for conducting historical cohort studies, even decades after an exposure has occurred (35, 36) . This rich information also makes it possible to examine early life exposures in case-control studies without relying on self-reporting and memory (37, 38) .
Currently, REP studies that involve only review of existing medical records can be conducted without obtaining study-specific written informed consent if the investigators obtain a Health Insurance Portability and Accountability Act waiver from the Mayo Clinic and Olmsted Medical Center institutional review boards (39) . Waiver of informed consent is provided because subjects have signed the Minnesota state research authorization and because obtaining written consent for each specific study would be almost impossible (the study may span decades and include thousands of subjects), could potentially cause harm to the patient (inform the patient of events or diagnoses of which he/she is not aware), and would pose a respondent burden (repeated mail contacts by different investigators). This practice is consistent with the recommendation by the Council for International Organizations of Medical Sciences (1, (40) (41) (42) . The general Minnesota research authorization and the Health Insurance Portability and Accountability Act waiver have allowed investigators using the REP to conduct studies with high participation rates.
Comprehensive medical records linkage systems like the REP can be used to maintain a continuously updated census of the population over time. Our experience could guide other investigators in designing medical records linkage projects. In addition, this article provides background information to readers of studies that are based on the REP.
